Endothelial NOS (eNOS)-derived NO has long been considered a paracrine signaling molecule only capable of affecting nearby cells because of its short half-life in blood and relatively limited diffusion distance in tissues. To date, no studies have demonstrated that endogenously generated NO possesses a clearly defined endocrine function. Therefore, we evaluated whether enzymatic generation of NO in the heart is capable of modulating remote physiological actions and cell signaling. Mice with cardiac-specific overexpression of the human eNOS gene (CS-eNOS-Tg) were used to address this hypothesis. Cardiac-specific eNOS overexpression resulted in significant increases in nitrite, nitrate, and nitrosothiols in the heart, plasma, and liver. To examine whether the increase in hepatic NO metabolites could modulate cytoprotection, we subjected CS-eNOS-Tg mice to hepatic ischemia-reperfusion (I/R) injury. CS-eNOS-Tg mice displayed a significant reduction in hepatic I/R injury (4.2-fold reduction in the aminotransferase and a 3.5-fold reduction in aspartate aminotransferase) compared with WT littermates. These findings demonstrate that endogenously derived NO is transported in the blood, metabolized in remote organs, and mediates cytoprotection in the setting of I/R injury. This study presents clear evidence for an endocrine role of NO generated endogenously from eNOS and provides additional evidence for the profound cytoprotective actions of NO in the setting of I/R injury.
T
he discovery that a free-radical gas is endogenously generated and plays a profound role in cellular signaling and physiology (1, 2) has led to an intense effort toward elucidating the synthesis, storage, and transport of NO. The membrane permeable nature of NO allows it to freely diffuse to adjacent cells, and its high reactivity in the biologic milieu has helped define its role in cellular signaling. As such, understanding NO-mediated, cell-signaling mechanisms, both local to and distal to the site of production, is of vital importance given its diverse physiological actions and profound cytoprotective effects. The short (Ͻ2 ms) half-life of NO in blood, because of consumption by hemoglobin, limits the transport of NO to distant tissues (3) . Additionally, the half-life of NO within normoxic tissues has been estimated at Ͻ0.1 s, with diffusion distance dependent on O 2 concentration (4). These findings, coupled with the abundance of data (5, 6 ) that NOS activity is highly compartmentalized and intricately regulated, have suggested that the signaling actions of NO are restricted to the site of production, thereby classifying it as a paracrine or autocrine signaling molecule. However, recent evidence challenges this long-held notion with a variety of observations leading to the hypothesis that NO may serve as an endocrine-signaling molecule via its ability to be transported as nitrite (7) and/or S-nitrosothiol (RSNO) (8) .
Although it was initially speculated that nitrite could be either a stored precursor of NO (9) , the majority of research and general dogma in the field viewed nitrite as an inert oxidation product of NO metabolism. This hypothesis was widely supported until a recent paradigm shift was put in motion by observations of non-NOS derived NO production (10, 11) . Although the mechanisms responsible for the consumption of NO and formation of nitrite are still poorly defined, nitrite and nitrate are now recognized to be a readily accessible storage form of NO that displays physiological activity (12) . Likewise, the nitrosation of proteins may also serve as an important facilitator for the transport of bioactive NO (13) . Evidence that nitrite/nitroso (RXNO)-species serve as NO transporters and facilitate remote physiological actions has been tested by using the administration of exogenous NO (14, 15) . Additionally, our laboratory and others (16, 17) have reported that nitrite can be consumed under ischemic/hypoxic conditions to yield NO and thus impede cellular injury. The recent demonstration that modulation of dietary nitrite can have a profound effect on myocardial ischemia/reperfusion (I/R) injury is likewise supportive of an endocrine role for NO (18) . However, to date, no reports have conclusively shown that endogenously generated NO (NOSderived) is transported to remote tissues and exerts physiological activity. Therefore, we investigated whether NO, produced as a result of endothelial NOS (eNOS) overexpression in one organ (i.e., heart), could modulate I/R injury at a distant site (i.e., liver).
In the current study, we used a mouse with cardiac-restricted overexpression of eNOS to test this hypothesis. Overexpression of eNOS in the myocardium resulted in increased levels of NO metabolites in the circulation and subsequent transport and storage in distant organs. Importantly, the resulting NO biochemical changes in the liver significantly ameliorated hepatic I/R injury via formation of NO and related NO metabolites. These data provide evidence that eNOS-derived NO is transported in the vasculature, stored at sites distant from production, and modulates cellular injury during ischemia.
Results

Transgenic Overexpression of eNOS Restricted to Cardiomyocytes
Increases Myocardial NO Metabolites (NOx). Mice with cardiacspecific overexpression of human eNOS (CS-eNOS-Tg) have been characterized (19) . These animals display robust eNOS immunoreactivity of myocardial tissue (Fig. 1A) . Optical band density measurements of Western blots quantified a 65-fold increase in eNOS protein expression over nontransgenic, WT littermates (P Ͻ 0.001, Fig. 1 A) . In correlation with the observed high levels of eNOS protein, eNOS activity, as assessed by L-arginine to citrulline conversion, is significantly increased in CS-eNOS-Tg hearts (Fig. 1B ). In addition, real-time PCR analysis of myocardial RNA isolated from CS-eNOS-Tg mice displayed no significant compensatory alterations in any of the murine NOS isoforms: eNOS, iNOS, or nNOS [supporting information (SI) Table S1 ].
Ion chromatographic analysis of nitrite revealed that CSeNOS-Tg hearts have a significant 2.2-fold increase over WT mice (P Ͻ 0.05). Likewise, levels of nitrate were also increased 2.4-fold in the hearts of CS-eNOS-Tg mice (Fig. 1C) . Gas-phase chemiluminescence revealed a substantial increase in RSNO in CSeNOS-Tg hearts (P Ͻ 0.01, Fig. 1D ). Additionally, overexpression of myocardial eNOS results in increased levels of NO-heme adducts (P Ͻ 0.001, Fig. 1D ).
Myocardial eNOS-Derived NO Attenuates Myocardial I/R Injury. It has been found that CS-eNOS-Tg mice exhibited a significant reduction in infarct size with improved left ventricular function after myocardial I/R injury (20) . A subsequent analysis in the current study revealed similar results with CS-eNOS-Tg mice displaying a 50% reduction in infarct size per area-at-risk after 45 min of left coronary artery ischemia and 24 h reperfusion (P Ͻ 0.001, Table 1 ). The area-at-risk was similar between both groups.
eNOS Localized Within Cardiomyocytes Generates Increases in Plasma
NOx. CS-eNOS-Tg mice display significant increases in all plasma NO metabolites. Plasma nitrite levels were increased 3.2-fold in CS-eNOS-Tg mice (P Ͻ 0.001, Fig. 2A ). Analysis of plasma nitrate revealed a similar 2.7-fold increase in CS-eNOS-Tg mice compared with WT littermates. RSNO levels are also significantly increased by 2.9-fold in the plasma of CS-eNOS-Tg mice (P Ͻ 0.001, Fig. 2B ). Steady-state hepatic nitrite was elevated 6.5-fold in CS-eNOS-Tg mice compared with WT littermates P Ͻ 0.05). Additionally, nitrate was increased 2.3-fold in CS-eNOS-Tg mice (Fig. 3A) . RSNO proteins were also increased in CS-eNOS-Tg hepatic samples by 2-fold over WT mice (P Ͻ 0.01, Fig. 3B ). Additionally, NO-heme adducts were increased by 3.3-fold (P Ͻ 0.01, Fig. 3B ). Collectively, these biochemical data suggest a local change in NO related products.
In an effort to determine the source of increased NOx and NO modified proteins, RNA expression was assessed by quantitative PCR for all murine NOS isoforms in hepatic tissue from WT and CS-eNOS-Tg mice. There was no significant difference in eNOS, inducible NOS (iNOS), or neuronal NOS (nNOS) message (GAPDH corrected) in CS-eNOS-Tg mice (Table S2) . Western blot analysis of murine hepatic NOS protein expression also displayed no alteration in eNOS, iNOS, or nNOS (␣-tubulin loading control, Fig. 3C ). There was no significant difference between WT and CS-eNOS-Tg mice in terms of hepatic NOS activity (Fig. 3D ) under basal conditions. Therefore, the observed changes in NO biochemistry that occur within the liver are a direct result of the increased synthesis of NO in the heart and transport in the plasma.
CS-eNOS-Tg Mice Are Protected Against Hepatic I/R Injury. To demonstrate that the changes in hepatic NO biochemistry were able to impact cellular signaling by impeding a pathologic process, we subjected mice to hepatic I/R injury. After 60 min of ischemia and 5 h reperfusion, serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were assessed as markers of hepatic injury. CS-eNOS-Tg mice display a 4.2-fold reduction in ALT (P Ͻ 0.01, Fig. 4A ) after I/R injury. Serum AST is also reduced in CS-eNOS-Tg mice by 3.5-fold compared with WT littermates P Ͻ 0.05, Fig. 4A ). In correlation, histological analysis (H&E staining 24 h after I/R) revealed a decreased level of pericentral necrosis and leukocyte infiltration in CS-eNOS-Tg mice compared with WT littermates.
Plasma Nitrite Levels Are Unaltered During Hepatic I/R Injury. In an attempt to identify the protective endocrine NO metabolite(s), we conducted a series of experiments characterizing the underlying NO biochemistry during a time course of ischemia and reperfusion. The data reveal that despite the increased levels of basal nitrite in the CS-eNOS-Tg mice, there were no significant alterations in plasma nitrite levels over the entire time course of ischemia and reperfusion (Fig. 5A) . The observed differences between WT and CSeNOS-Tg mice at baseline (0 min) were further confirmed in these studies (P Ͻ 0.05).
Plasma RXNO Levels Increase During Hepatic Ischemia in CS-eNOS-Tg
Mice. Although no alterations in RXNO levels were observed in WT mice, there was a significant increase in RXNO levels during ischemia in CS-eNOS-Tg mice ( Fig. 5B , P Ͻ 0.05 vs. baseline, P Ͻ 0.001 vs. WT 60 min). The 1.8-fold increase in plasma RXNO levels after 60 min of ischemia completely returned to baseline levels after 1 min of reperfusion.
Hepatic Nitrite Is Consumed During Ischemia and Restored After
Reperfusion. Hepatic nitrite levels decreased 3.9-fold over the 60 min ischemia time in CS-eNOS-Tg mice (P Ͻ 0.5 vs. baseline, Fig.  5C ). Likewise, nitrite levels also significantly decreased in WT mice during ischemia (P Ͻ 0.001 vs. baseline). Hepatic nitrite levels gradually returned to preischemic levels in WT and CS-eNOS-Tg mice over the course of reperfusion, and levels of nitrite were not significantly different from baseline at 60 min. There were no significant alterations in hepatic nitrate throughout the I/R time course study (data not shown).
Hepatic Nitrosothiol Formation Is Increased During Ischemia. RXNO levels were increased in WT (7.8-fold) and CS-eNOS-Tg (1.9-fold) mice after 60 min of hepatic ischemia (P Ͻ 0.05 vs. baseline, Fig.  5D ). These significant increases returned to preischemic levels in CS-eNOS-Tg animals after 60 min of reperfusion. However, WT nitrosothiol levels remained elevated throughout the course of reperfusion (P Ͻ 0.001, 60 min vs. baseline).
CS-eNOS-Tg Protection Against Hepatic I/R Is Dependent on Formation of NO and/or Nitrosothiols.
Reports have demonstrated that the cytoprotection elicited by nitrite during I/R is NO dependent (16, 17) . Recent data demonstrates that RSNOs are cytoprotective in I/R, without the likely release of free NO (21), but through transnitrosation reactions. To address the suspected role of each NO species, we administered 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) before ischemia to scavenge any free NO produced from nitrite, and also administered N-ethylmaleimide (NEM) before ischemia to alkylate all free thiols. WT and CS-eNOS-Tg mice (n ϭ 6 per group) were administered vehicle PTIO (0.5 mg/kg), NEM (2 mg/kg) 30 min before hepatic ischemia. Administration of either PTIO or NEM significantly exacerbated hepatic I/R injury in WT animals suggesting that inhibition of endogenous NO and nitrosothiol signaling exacerbates I/R injury, as suggested in ref. 25 . As shown in Fig. 6A , both PTIO and NEM inhibited the protective effects in CS-eNOS-Tg mice, suggesting that both nitrite reduction to NO and thiols are sufficient for cytoprotection. Given the nonspecific actions of these less than ideal pharmacologic agents, we next administered both nitrite and S-nitrosoglutathione (GSNO) to WT control mice as a proof-ofprinciple experiment. Nitrite (1 M plasma concentration) or GSNO (10 nM plasma concentration) were injected intravenously just before reperfusion. As shown in Fig. 6B , both nitrite and GSNO reduced hepatic injury Ϸ2-fold as depicted by decreased serum ALT and AST levels. These data are consistent with our NEM and PTIO experiments, revealing that both nitrite and RSNOs are sufficient for cytoprotection.
Discussion
Although the cytoprotective effects of eNOS-generated NO have been well documented (19, 20, 22) , these effects have, thus far, largely been attributed to local enzymatic production. Recent observations that the inhalation of NO gas at moderate to high levels (80 ppm) can result in systemic effects have begun to challenge the notion of NO being restricted to paracrine actions. NO gas has been shown to modulate a number of remote physiological and pathophysiological processes including systemic vascular resistance, intestinal blood flow, urinary flow, gastrointestinal I/R injury, and myocardial I/R injury (23) (24) (25) (26) . Additionally, it has been reported that modifications of dietary NOx (nitrate and/or nitrite) results in the alteration of systemic NO metabolite levels, and thus impacts physiological processes (11, 18, 27, 28) . These observations that both administration (inhaled gas) and dietary intake are capable of modulating NO levels at sites distant from their application strongly support the notion that NO can be transported and exert distant physiological action (7) . However, to date, no studies have clearly defined that NO derived from endogenous enzymatic sources (NO synthases) is transported to distant tissues resulting in biological effects far from the site of production. In the current study, we confirmed the hypothesis that eNOS-generated NO is transported in the vasculature, stored in distant organs, and mod- Plasma and hepatic nitrite and RXNO level flux over the course of hepatic I/R injury. WT and CS-eNOS-Tg mice (n ϭ 4 -5 per group) were subjected to hepatic I/R and levels of plasma nitrite (A), RXNO species (B), hepatic nitrite (C), and hepatic RXNO species (D) were assessed at the following time points: 60 min ischemia, 60 min ischemia/1 min reperfusion, and 60 min ischemia/60 min reperfusion ( * , P Ͻ 0.05 vs. WT; * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001 vs. baseline).
ulates a pathophysiological process (I/R injury) thus enabling classification as an endocrine signaling molecule.
Using mice with robust overexpression of the human eNOS gene restricted to cardiomyocytes (CS-eNOS-Tg), we found that the levels of NO metabolite species are increased both in the plasma compartment and organs distant from production (i.e., liver). The observed increase in hepatic NO was not attributed to alterations in local NO production as assessed by both message and protein levels of all respective NOS isoforms (eNOS, nNOS, or iNOS). This was further confirmed by the observation of unaltered hepatic NOS activity. These data indicate that the observed increase in hepatic NO metabolites was solely because of increased eNOS activity and NO production within the heart of CS-eNOS-Tg mice. These results demonstrate that eNOS-derived NO is transported in the vasculature to distant organs. A number of reports have cited either nitrite (7) or RSNOs (8) as the predominant species responsible for intravascular transport of NO. Important to the current study, we have shown CS-eNOS-Tg mice to have no significant alteration in mean arterial blood pressure (20) . If the transport species was authentic NO or RSNO, the normotensive phenotype of these mice would not be expected, circumstantially suggesting nitrite as the transport species. Findings supporting this ideology include: the respective concentration of blood and tissue nitrite (M) in relation to other bioactive NO metabolites (nM), and the discovery of various nitrite reductases in many tissues, and the noted biological effects of nitrite administration (11) . It is also important to note that nitrite levels in plasma also increase after nitrate ingestion or a nitrate load (29) . Although much of the nitrate is eventually excreted in the urine, up to 25% is actively taken up by the salivary glands and is concentrated up to 20-fold in saliva (29) . Therefore, the observed increase in steady-state nitrate in these mice could also contribute to the NOS-independent production of nitrite and ultimately NO.
To further understand the flux of NO metabolites during I/R, plasma and hepatic samples were collected at various time points and assessed for nitrite, nitrate, and RXNO content. Consumption of hepatic nitrite was apparent in both WT and CS-eNOS-Tg mice with a maximal reduction after 60 min of ischemia in the Tg animals. Of interest is the fact that even though the CS-eNOS-Tg mice displayed significantly elevated levels of hepatic nitrite at baseline, after ischemia, these levels were reduced to the same extent as those measured in WT liver. This suggests that the period of ischemia was sufficient to maximally reduce hepatic tissue nitrite stores. Results suggest that as little as 3 min of total hypoxia is sufficient to largely consume tissue nitrite (30) . After 60 min of reperfusion, nitrite levels were restored to near baseline levels. The temporal consumption of hepatic nitrite over the course of I/R was mirrored by large increases in hepatic RXNO levels during ischemia. These results point to tissue nitrosation as the predominant reaction, thus accounting for nitrite flux during ischemia. No significant change in plasma nitrite concentration was noted in either CS-eNOS-Tg or WT mice, further establishing the importance of nitrite stores within the tissue compartment. A modest increase in plasma RSNO was noted in CS-eNOS-Tg mice, which is likely explained as ''spillover'' from the tissue compartment given the high baseline levels of nitrite in the CS-eNOS-Tg mice and the observation that this did not occur in WT mice. The importance of tissue nitrite-mediated nitrosation during ischemia was made apparent by inhibiting RXNO species formation by irreversibly binding all thiols with the alkylating agent NEM before ischemia. The administration of NEM abolished all protective effects in the CS-eNOS-Tg mice, suggesting the modification of thiols as a central signaling event in nitrite-mediated cytoprotection. This concept, although controversial, has long been speculated, with initial findings by Ignarro and colleagues (30) that nitrite-mediated vasodilation required thiols, and further suggesting the possibility of a RSNO intermediate (31) in NO-mediated physiology. However, in our model, the scavenging of free NO with PTIO also blocked the hepatoprotection observed in CS-eNOS-Tg mice. This result suggests that free NO, resulting from nitrite reductase activity, may be responsible for mediating downstream nitrosation and eliciting cytoprotective signaling. The reduction of nitrite to NO has been cited to occur in a variety of biological tissues and has been prominently featured in protection against ischemic injury (32) . Although this phenomenon was also observed in WT mice, the relative fold change in injury was still much greater in CS-eNOS-Tg mice. We also cannot discount the possibility of nonspecific effects of these agents independent of their intended usage in blocking NO flux. In a proof-of-principle experiment, we injected mice with either GSNO or nitrite to recapitulate the levels of RSNO and nitrite observed in the CS-eNOS-Tg mouse and found that both agents equally reduced I/R injury. Although these results did not allow further distinction as to the protective NO metabolite, they do corroborate our pharmacologic inhibition data. Although both agents were found to be hepatoprotective, our time course experiments reveal that nitrite is consumed to form nitrosothiols during ischemia. This data suggests that nitrite can be given to provide a source of NO and RSNO during ischemia, or low molecular weight RSNOs can be administered to transnitrosate protein thiols that may be involved in cytoprotective cell signaling. These are not mutually exclusive events but demonstrate the inherent biochemistry of nitrite and nitrosothiols and perhaps steady state equilibrium between the two molecules.
Recently, the nitrosation of many molecular targets has been shown to greatly impact a variety of cell-signaling pathways cited as critical to cytoprotection. S-nitrosylation has been shown to powerfully inhibit apoptosis (33) , presumably by modification of cysteine residues within the catalytic domain of caspases. Additionally, the recent observation that S-nitrosylation can modulate G protein coupled receptor signaling represents another pathway by which RXNO formation may positively impact I/R injury (34) . Yet another noted target for nitrosylation is PARP-1 (35) whereby cysteine modification inhibits transcriptional activity, a mechanism that has extensively been shown to positively impact I/R injury (36) . A recent study by Gladwin and colleagues (37) proposed that nitrite's protective actions are mediated through inhibition of complex I of the mitochondrial electron transport chain, presumably via direct S-nitrosation. This mechanism could directly result in decreased reactive oxygen species levels associated with reperfusion injury, and inhibition of mitochondrial permeability transition, a primary event in necrotic cell death. Even though our data strongly suggests that nitrite-mediated nitrosation and reduction to NO are prominent protective signaling mechanisms at work, in our model, we do appreciate the other possible protective actions of free NO, such as altering redox status by scavenging superoxide (38) .
In summary, we have shown that NO synthesized within a specified location (cardiomyocytes) is transported in the blood as a bioactive NO species, stored in distant tissues, and protects against ischemic injury in a NO and nitrosothiol-dependent fashion. This report provides direct evidence that endogenously generated NO is capable of exerting endocrine activity and therefore suggests the reassessment of the perception that NO is merely a paracrine signaling molecule.
Materials and Methods
All experimental procedures are described in SI Text.
Cardiac-Specific, eNOS-Transgenic Mice (CS-eNOS-Tg). Mice were originally developed by Dr. Steffan Janssens (University of Leuven, Belgium), by using the human eNOS gene (39) . The expression of this transgene is under the control of the ␣-myosin heavy-chain promoter, restricting expression to cardiac myocytes. This mouse was developed on a C57BL6/J background and has been well characterized (19, 20 
